Abstract We examined the temperature dependence of muscle and non-muscle myosin (heavy meromyosin, HMM) with in vitro motility and actin-activated ATPase assays. Our results indicate that myosin V (MV) has a temperature dependence that is similar in both ATPase and motility assays. We demonstrate that skeletal muscle myosin (SK), smooth muscle myosin (SM), and non-muscle myosin IIA (NM) have different temperature dependence in ATPase compared to in vitro motility assays. In the class II myosins we examined (SK, SM, and NM) the rate-limiting step in ATPase assays is thought to be attachment to actin or phosphate release, while for in vitro motility assays it is controversial. In MV the rate-limiting step for both in vitro motility and ATPase assays is known to be ADP release. Consequently, in MV the temperature dependence of the ADP release rate constant is similar to the temperature dependence of in vitro motility. Interestingly, the temperature dependence of the ADP release rate constant of SM and NM was shifted toward the in vitro motility temperature dependence. Our results suggest that the rate-limiting step in SK, SM, and NM may shift from attachment-limited in solution to detachment limited in the in vitro motility assay. Internal strain within the myosin molecule or by neighboring myosin motors may slow ADP release which becomes rate-limiting in the in vitro motility assay. Within this small subset of myosins examined, the in vitro sliding velocity correlates reasonably well with actinactivated ATPase activity, which was suggested by the original study by Barany (J Gen Physiol 50:197-218, 1967).
Introduction
Muscle contraction is driven by the motor activity of myosin, which uses the energy of ATP hydrolysis to generate force through a cyclic interaction with actin filaments. A highly cited study by Michael Barany published in 1967 (Barany 1967 ) measured the unloaded shortening velocity of a particular muscle and the ATPase activity of the myosin isolated from that muscle. This landmark study compared a large number of different muscles from a variety of species which had unloaded shortening velocities varying by a factor of 240. The study had implications for understanding the actomyosin contractile mechanism. Specifically, this work implied that the speed of unloaded shortening of a muscle fiber was limited by how fast myosin crossbridges in that muscle could complete their ATPase cycles. Little was known about the kinetic cycle of myosin at the time this study was conducted. A few years later, Lymn and Taylor (1971) showed that myosin cycles between states that bind strongly to actin and states that bind weakly during a single ATP hydrolysis cycle and speculated on the rate-limiting step for muscle myosin. Many studies have since elaborated on the kinetic cycle of muscle myosins and that of other members of the myosin superfamily (Bloemink and Geeves 2011; De La Cruz and Ostap 2004) . A question of particular interest is which step or steps in the kinetic cycle limit(s) the shortening velocity in muscle or the rate at which processive myosins move along actin filaments (Siemankowski et al. 1985; Nyitrai et al. 2006; Weiss et al. 2000 Weiss et al. , 2001 Marston and Taylor 1980) . An in vitro correlate of the unloaded shortening velocity of muscle is the sliding actin in vitro motility assay developed initially by Kron et al. (1991) . In this assay fluorescently-labeled actin filaments are observed to move over a lawn of myosin molecules bound to the coverslip surface using a microscope equipped with optics to detect fluorescence.
Biochemical studies of myosins have converged on an ATPase mechanism common to most myosins characterized to date (Malnasi-Csizmadia and Kovacs 2010; Sweeney and Houdusse 2010) (Scheme 1). The binding of ATP to actomyosin dramatically weakens the affinity of myosin for actin causing rapid dissociation of the complex (Step 1). In addition, ATP binding primes myosin for force generation and the subsequent hydrolysis step stabilizes the lever arm bent (primed) conformation ( Step 2) (Urbanke and Wray 2001; Malnasi-Csizmadia et al. 2001) . The release of phosphate is accelerated when myosin with the hydrolyzed products in the active site (ADP and phosphate) binds to actin (Steps 3 & 4) . The myosinÁADP complex that follows binds to actin with high affinity. The power stroke is thought to occur when the lever arm straightens during the actin binding and phosphate release steps (Step 4), while this point is still debated in the literature (Sweeney and Houdusse 2010) . Myosin remains attached to actin until ADP is released and ATP binding detaches myosin from actin. An isomerization between actomyosinÁADP states (Step 5) has been found to occur prior to the release of ADP (step 6) (Jacobs et al. 2011; Rosenfeld et al. 2005; Hannemann et al. 2005) . Therefore, the period of time after the power stroke that myosin remains attached to actin with high affinity is mediated by the net rate constant of ADP release (influenced by that of the preceding isomerization between actomyosinÁADP states) and/or the rate constant of ATP binding. The proportion of time that myosin spends strongly attached to actin during an ATPase cycle is termed the ''duty ratio''. There is tremendous variation in the maximal actin-activated MgATPase (V max ) among myosins ranging from values as high as 20 s -1 for fast skeletal muscle myosin (SK) to rates as slow as 0.1 s -1 for nonmuscle myosin IIB at 25°C in solution (Sellers 1999) . In addition to variations in the V max , there are also major differences in which steps are rate-limiting in different myosins. Therefore, the motor properties of each myosin are precisely tuned for performing their specific cellular functions (De La Cruz and Ostap 2004; Sellers 2000) .
Contractile velocity (V) is classically interpreted in terms of the relationship between the size of the working stroke or unitary displacement (d) and the period of time that myosin remains attached to actin (t on ) (Siemankowski et al. 1985) .
Single molecule measurements have determined that d is determined by the length of the lever arm or light chain binding region (Tyska and Warshaw 2002; Tyska and Mooseker 2003; Brenner 2006) . For example, single molecule displacements measured with myosin II, which has a lever arm that consists of two light chain binding IQ motifs, are reported in the range of 5-10 nm (Tyska and Warshaw 2002) while myosin V (MV), which has six calmodulins bound to its lever, has a displacement of around 25 nm (Mehta 2001; Moore et al. 2001; Sakamoto et al. 2003 Sakamoto et al. , 2005 Veigel et al. 2002) . In addition, altering the length of the lever arm in MV (between two and eight IQ motifs) shifts the unitary displacement and the velocity without significantly altering the attachment time (Sakamoto et al. 2003) . In muscle myosins, variability in the unloaded shortening velocity was found to be mainly determined by t on (Weiss et al. 2001; Siemankowski et al. 1985; Nyitrai et al. 2006) . These studies and others suggest that both the length of the lever arm and the attachment time are important determinants of unloaded actomyosin-based motility.
In the current study we investigated the temperature dependence of the rate of actin filament sliding in the in vitro motility assay using muscle and non-muscle myosins and compared these results with the temperature dependence of actin-activated ATPase activity and the rate Scheme 1 Actomyosin ATPase Cycle constant for ADP release measured by stopped-flow spectrofluorimetry to determine which parameter best correlated with the rate of actin filament sliding. Our results provide support for the idea that the rate constant for ADP release, and hence detachment, limits the velocity of actomyosin-based motility under unloaded conditions for both muscle and non-muscle myosins. Interestingly, there is a general scaling of the actin-activated ATPase rate and the rate of in vitro motility in that fast moving myosins typically have faster ATPase activities.
Materials and methods
All reagents were the highest purity commercially available. ATP and ADP were prepared fresh from powder. N-Methylanthraniloyl (mant)-labeled 2 0 -deoxy-ADP (dmantADP) was purchased from Jena Scientific. The dmant-ADP concentration was determined from absorbance measurements at 255 nm using (e 255 = 23,300 M -1 cm -1 ). ATP and ADP concentrations were determined by absorbance at 259 nm (e 259 = 15,400 M -1 cm -1 ).
Protein expression and purification A chicken MV heavy meromyosin (HMM) construct containing a GCN4 leucine zipper and C-terminal YFP (MV) (Rock et al. 2001) , which had the chicken coiled-coil sequence replaced with the mouse coiled-coil (amino acids 926-1,103), was obtained from Dr. Lee Sweeney (University of Pennsylvania). The baculovirus system was used to co-express MV and calmodulin, as well as gizzard smooth muscle myosin HMM (SM) (Sweeney et al. 1998 ) with a C-terminal myc tag and mouse non-muscle myosin IIA HMM (NM) (Kovacs et al. 2007 ) with their appropriate light chains. Skeletal muscle myosin HMM (SK) was prepared from rabbit psoas skeletal muscle (Margossian and Lowey 1982) . SM and NM were phosphorylated with myosin light chain kinase prior to experiments (Sweeney et al. 1998; Kovacs et al. 2007) . A baculovirus was created from a clone of rabbit SM light chain kinase (generously provided by Zenon Grabarek, Boston Biomedical Research Institute) to which was added a FLAG tag. Sf9 cells were infected with the virus and the expressed kinase was purified by FLAG affinity chromatography and stored in -80°C until use. Chicken calmodulin was expressed and purified as described (Putkey et al. 1987) . Myosin concentrations were determined using the Bio-Rad microplate assay using bovine serum albumin (BSA) as a standard or by absorbance. Actin was purified from rabbit skeletal muscle using an acetone powder method (Pardee and Spudich 1982) . All MV experiments were performed in KMg50 buffer (50 mM KCl, 1 mM EGTA, 1 mM MgCl 2 , 1 mM DTT and 10 mM imidazole-HCl, pH 7.0). All myosin II (SK, SM, and NM) experiments were performed in MOPS 20 buffer (20 mM KCl, 1 mM EGTA, 1 mM MgCl 2 , 1 mM DTT and 20 mM MOPS, pH 7.0).
Stopped-flow measurements and kinetic modeling
Transient kinetic experiments were performed in an Applied Photophysics (Surrey, UK) stopped-flow apparatus with a dead time of 1.2 ms. A monochromator with a 2 nm band pass was used for fluorescence excitation, and cut-off filters were used to measure the emission. The dmantADP fluorescence was excited at 290 nm and the emission measured with a 395 nm long-pass filter. Light scatter (420 nm excitation and 395 long-pass emission filter) was used to measure the rate constant for myosin detachment from actin in the presence of ADP. Nonlinear least-squares fitting of the data was done with software provided with the instrument or Kaleidagraph (Synergy Software, Reading, PA). Uncertainties reported are standard errors of the fits unless stated otherwise. Kinetic analysis was performed using the reaction scheme that has been used in studies of MV and myosin II (De La Cruz et al. 1999; Sun et al. 2006 Sun et al. , 2008 Malnasi-Csizmadia and Kovacs 2010) . All concentrations mentioned in the stopped-flow experiments are final concentrations unless stated otherwise.
ATPase assays
ATPase assays were performed in the stopped-flow at various temperatures using the NADH coupled assay (De La Cruz et al. 2000; Sun et al. 2006 Sun et al. , 2008 De La Cruz et al. 1999) . The temperature dependence of the steadystate ATPase rate was measured in the presence of 1 mM ATP at a fixed actin concentration for MV (20 lM), SK (40 lM), SM (40 lM), and NM (20 lM). Both SM and NM demonstrated similar phosphorylation dependent actin-activated ATPase values reported previously (Sweeney et al. 1998; Kovacs et al. 2003) .
In vitro motility assays
We performed the in vitro motility assay as described (Kron et al. 1991) with similar conditions as were used for the solution ATPase assays. MV, SK, and NM were adhered directly to the nitrocellulose-coated surface while SM was attached via an anti-c-myc antibody (Sigma Aldrich). The surface was blocked with BSA at a concentration of 1 mg ml -1 . The motility of actin filaments labeled with rhodamine-phalloidin was observed using an activation buffer consisting of either KMg50 (MV) or MOPS 20 (SK, NM, SM) supplemented with the following: 5 lM calmodulin (MV only), 2 mM ATP, phosphoenolpyruvate (2.5 mM), pyruvate kinase (20 units ml -1 ), glucose oxidase (0.1 mg ml -1 ), glucose (5 mg ml -1 ), catalase (0.018 mg ml -1 ). and 0.35 % methylcellulose. After the addition of the activation buffer, the slide was promptly viewed using a NIKON TE2000 microscope equipped with a 609/1.4NA phase objective. Images were acquired at intervals (0.2-5 s) and periods of time (1-5 min) appropriate for measuring the sliding velocity of each myosin. We utilized a shutter controlled Coolsnap HQ2 cooled CCD digital camera (Photometrics) binned 2 9 2 for all imaging. To measure velocity, the video records were transferred to Image J and analyzed with the MTrackJ program (Meijering et al. 2012) . The temperature was varied by altering the room temperature and using an air blower. The temperature of the microscope slide was recorded using a Stable Systems International thermocouple meter.
Results
All the assays described below were performed in similar buffer conditions for each myosin. Experiments with MV were performed in KMg50 buffer and experiments with SK, SM, and NM were performed in MOPS 20 buffer. We phosphorylated SM and NM prior to all experiments and excess ATP was removed by microdialysis.
Temperature dependence of steady-state ATPase and in vitro motility
We examined the actin-activated ATPase activity of four different myosins (MV, SK, SM, and NM) as a function of temperature (10, 15, 25, 35°C) at a fixed actin (saturating) concentration. The data for each myosin are displayed ( Fig. 1a-d ) in Arrhenius plot format (natural log of ATPase activity plotted as a function of inverse temperature in degrees Kelvin). Previous work demonstrated that the actin-dependence of ATPase activity, which is evaluated by determining the actin concentration at which one-half maximal ATPase activity is achieved (K ATPase ), is temperature independent in most myosins including MV (Jacobs et al. 2011 ) and NM (Kovacs et al. 2004; Hu et al. 2002) . Therefore, Arrhenius plots allowed for comparison of the energy of activation associated with the rate-limiting step in the ATPase reaction for each myosin. We also examined the sliding velocities in the in vitro motility assay over a range of temperatures (20-35°C). The average sliding velocity (lm s -1 ) of 15-20 filaments was determined at each temperature. The data are plot in Arrhenius format on the same graph as the ATPase plots ( Fig. 1a-d) for each myosin to allow for comparison of the temperature dependence of solution ATPase and in vitro sliding velocity. In MV we found that the slopes of the linear-dependence of ATPase and motility are very similar (Fig. 1a) which was expected because the rate-limiting step in both assays is thought to be ADP release (De La Cruz et al. 1999; Mehta et al. 1999) . Interestingly, we found that the ATPase and motility assay results with SK, SM, and NM demonstrated a different dependence on temperature, as indicated by Arrhenius plot slopes that are more than twofold different (Table 1) , indicating the rate-limiting steps for the assays are different in these myosins.
Temperature dependence of dmantADP release
We performed direct measurements to determine the ADP release rate constant as a function of temperature using the stopped-flow apparatus in MV, SM, and NM. We did not measure the ADP release rate constant in SK because it is too fast to measure by stopped-flow at elevated temperatures (Nyitrai et al. 2006) . Our results allowed us to compare the temperature dependence of ADP release to the temperature dependence of ATPase and motility. To measure the ADP release rate constant we mixed a preequilibrated complex of actomyosin and dmantADP with saturating ATP. The conditions were slightly different for each myosin and are indicated in the Fig. 2 legend. We examined the fluorescence signal observed upon dmant-ADP dissociation from actomyosin (e.g. 290 nm em -1 ; 395 nm long-pass filter). Previous studies have observed multi-exponential fluorescence transients using dmantADP or mantADP (Sweeney et al. 1998; Rosenfeld and Sweeney 2004; Kovacs et al. 2007; Forgacs et al. 2008) . A complicating factor is that when both heads of the HMM dimer are bound to actin the ADP release rate constant is different in the negatively-strained (lead) head and positivelystrained (trail) head (Sweeney et al. 1998; Rosenfeld and Sweeney 2004; Kovacs et al. 2007; Forgacs et al. 2008 ). For example, Kovacs et al. (2007) found that for nonmuscle myosin IIA HMM the rate constant for ADP release from the trail head was similar or faster than that from monomeric subfragment-1 (S1), while the rate constant for ADP release from the lead head was fivefold to tenfold slower. In the current study we found that MV and NM contained bi-and tri-exponential ADP release transients, while SM was dominated by a single phase. We also measured with identical conditions the light scatter transient, which represents the rate constant for detachment of myosin from actin (data not shown). Because ATP binding is rapid under these conditions the detachment is limited by the ADP release rate constant. The relative amplitude of the slower components in the light scatter and dmantADP transients was more significant at lower temperatures and was completely absent at 35°C. Therefore, we have focused on the observed fast phase of the fluorescence transients which were quite similar by following the dmantADP fluorescence and the light scatter transients. We plotted the dmantADP release rate constants along with the ATPase and motility results in Arrhenius format (Fig. 1a-d) . The slope of all the Arrhenius plots are similar in MV, demonstrating the ADP release rate constant is rate-limiting in both ATPase and motility assays. In SM and NM we found the slopes from the motility Arrhenius plots to be shifted toward the slopes of the ADP release plots.
Correlation of ATPase activity and in vitro motility
To determine if the actin-activated ATPase activity correlates with the in vitro motility in this small subset of myosins we plotted ATPase rate versus in vitro motility from our results collected at 35 (±1°C) in the motility assay and 35°C in the ATPase assay (Fig. 3) . This analysis was inspired by the original studies performed by Barany (Barany 1967) , which compared the ATPase rates and contractile velocities in a large number of different muscles 114.7 ± 9.1 38.2 ± 12.5 84.0 ± 5.0 a Activation energies determined from data in Fig. 1a b Activation energies determined from data in Fig. 1b c Activation energies determined from data in Fig. 1c d Activation energies determined from data in Fig. 1d types from a variety of different species. We found a relatively good correlation between ATPase rate and motility in this small subset of muscle and non-muscle myosins.
Discussion
Michael Barany's classic paper in the Journal of General Physiology made the observation that myosin ATPase activity and muscle unloaded shortening velocity correlated reasonably well for a variety of muscles types over a large range of speeds (Barany 1967) . At the time of this study, little was known about the kinetic mechanism of myosins or how some of the myosins studied are regulated. For example, we now know that molluscan myosins used by Barany require bound calcium for activation (SzentGyorgyi et al. 1999) , whereas the vertebrate striated muscle myosins used do not. Fortunately, Barany assayed all the myosins in the presence of calcium, since the literature at the time of the study suggested that vertebrate striated muscle myosin required calcium for maximal activity (Weber and Winicur 1961) . Barany was also not aware that vertebrate SM (Cremo et al. 1995) and Limulus muscle myosin (Sellers 1981 ) must be phosporylated to obtain maximal activity since this form of regulation was not discovered until much later. His assays were conducted at a single actin concentration and under the assay conditions used this actin concentration was probably not saturating for most of the myosins studied. Finally, anyone who has performed actin-activated MgATPase assays on intact myosin knows the difficulties in obtaining reproducible results from this complicated system. Virtually all kinetic studies for the past 40 years have been carried out with the soluble fragments of myosin, S1 or HMM. Nevertheless, the data published by Barany have inspired investigators to determine the molecular step that limits contractile velocity in muscle (Siemankowski et al. 1985; Marston and Taylor 1980; Nyitrai et al. 2006; Weiss et al. 2000; Iorga et al. 2007 ). Biophysical models proposed by A.F. Huxley suggested unloaded contractile velocity may be limited by the crossbridge detachment rate (Huxley 1957) . This, in turn, should be determined not necessarily by the overall cycle time of the myosin, but rather by dissociation of ADP from The sliding velocity in the in vitro motility assay (measured at 35-36°C) is plotted as a function of actin-activated ATPase activity (measured at 35°C). The error bars represent the standard deviation from two to three protein preparations. The data is fit with a linear regression (slope = 0.26 ± 0.02, R 2 = 0.98) to demonstrate the correlation between ATPase activity and in vitro motility sliding velocity the actin-attached myosin or possibly binding of ATP to actomyosin which would result in rapid dissociation of the two proteins. Interestingly, the Barany study also determined that the temperature dependence of shortening velocity and solution ATPase measurements differed by a factor of two (Barany 1967) at lower temperatures, suggesting the kinetic step that limits ATPase activity is different from the step that limits unloaded shortening velocity. Siemankowski et al. (1985) sought to test this concept more directly and compared the temperature dependence of the ADP release rate constant measured by stopped-flow to that of the unloaded shortening velocity in different vertebrate muscles (taking measurements from the literature) as well as the maximal ATPase activity of myosin isolated from these muscle. Interestingly, the rate constant for ADP release correlated well with unloaded shortening velocity. In addition, the temperature dependence of the unloaded shortening velocity was similar to that of the ADP release rate constants suggesting that ADP release from actomyosin is the kinetic step that limits unloaded shortening in muscle. They found that the temperature dependence of actin-activated ATPase rates to be steeper than that of the ADP release rate constant or shortening velocity. In summary these results provide support for the A.F. Huxley model of muscle contraction in which the rate constant for crossbridge detachment limits unloaded shortening velocity (Huxley 1957) .
The relationship between sliding velocity and actomyosin kinetics has been further explored by comparing muscles of different contractile velocity. Investigators have compared the kinetic properties of pure myosin isoforms isolated from single muscle fibers of known contractile speed (Weiss et al. 2001) . It was found that the ADP release kinetics of each myosin isoform (MHC1, 2A, 2X, 2B) correlated well with the unloaded shortening velocity of the muscle it was isolated from (Weiss et al. 2001) . However, this group also found that the ATP binding step could be slow enough to limit the sliding velocity at low temperature, while at higher temperatures (closer to body temperature) they predicted the ADP release rate constant would be the slower step (Nyitrai et al. 2006 ). Single molecule optical trapping studies have the ability to measure the power stroke size (also called the displacement (d)) and attachment life-time (t on ) of different myosin isoforms with vastly different contractile speeds. These studies demonstrated that the displacement was relatively invariant amongst different myosins and could not explain the differences in contractile speed (Capitanio et al. 2006; Tyska and Warshaw 2002) . However, the t on for the various myosin isoforms could account for the differences in contractile velocity. Collectively, these results suggest the major determinant of unloaded shortening velocity is attachment time, which is likely mediated by ADP release, and/or ATP binding.
In the current study we have examined the actin filament sliding velocities, actin-activated ATPase rates, and rate constants for ADP release from the actomyosinÁADP complex for two muscle myosins and two non-muscle myosins as a function of temperature, making all the measurements on the same proteins. We did not, however, measure the ADP release rate constant in rabbit SK since it is too fast to measure at higher temperatures. The myosins were chosen for their varying kinetic properties. Fast skeletal muscle and SM have low duty ratios (\0.05) (Uyeda et al. 1990; Harris and Warshaw 1993) whereas that of MV is high (0.7) (De La Cruz et al. 1999) . The duty ratio of NM is intermediate between these two extremes (0.1) (Kovacs et al. 2003) . The kinetic cycles of the myosin II family members are thought to be limited by phosphate release or other kinetic steps that affect the weak binding to strong binding transition, whereas MV is limited by ADP release (De La Cruz and Ostap 2004; Bloemink and Geeves 2011) . We find that the temperature dependence of the solution ATPase rate has an activation energy that is almost two times greater than that of the motility assay for all the myosin II proteins studied, whereas the temperature dependence of the ADP release rate constant for NM and smooth muscle myosin II was shifted toward the temperature dependence of in vitro motility. We used the fast phase from the ADP release transients for the temperature dependent correlations and this is likely the ''unstrained'' ADP release rate constant. Others have demonstrated that SM is limited by the ADP release rate constant in the in vitro motility assay (Joel et al. 2003; Lauzon et al. 1998 ). However, the observed activation energies determined from the temperature-dependent in vitro motility and the ADP release rate constant experiments in SM and NM are similar but not exactly the same. These results suggest that other steps, such as attachment to actin or phosphate release, may play a role in limiting unloaded shortening velocity (Hooft et al. 2007 ). Our results show that MV has virtually the same activation energy for all three assays which is consistent with ADP release being the rate-limiting step in both the in vitro motility and ATPase assays. Finally, we compared the calculated detachment rate constant determining using the classic velocity equation to that of the measured values of the ADP release rate constant at 35°C and found they agree within a factor of two for SM, NM, and MV (Table 2) .
Our results suggest the detachment limited model of motility may be conserved in most myosin isoforms. How does ADP release become rate-limiting in the motility assay in myosins that do not have rate-limiting ADP release in solution? This question has been discussed in detail in many reviews (Nyitrai and Geeves 2004; Goldman 1987; Olivares and De La Cruz 2005) but is still controversial. Baker and coworkers argue that strain between neighboring myosin heads (interhead) is responsible for altering the rate constant for ADP release (Jackson and Baker 2009) , while classic models propose that the strain within the myosin head (intrahead) (Huxley 1957) alters the conformation of the active site and the rate constant for ADP release. A structural change in the active site of MV occurs prior to the ADP release step (Jacobs et al. 2011; Rosenfeld et al. 2005; Hannemann et al. 2005) , which could be a key strain sensitive conformational change in the actomyosin pathway. In addition, single molecule mechanical studies with MV suggest that the presence of assistive loads accelerate ADP release while resistive loads reduce ADP release (Oguchi et al. 2008; Sellers and Veigel 2010) . It remains to be elucidated if the position of the lever arm can alter the conformation of the active site, providing a structural basis for strain sensitive ADP release.
Although the argument for the detachment limited model of actomyosin-based motility is quite strong, it is interesting that there is a linear correlation between the ATPase activity in solution and the in vitro motility in our study when both are measured at around 35°C. The fact that MV is a slight outlier in this relationship is likely because of its three times longer lever arm and corresponding unitary displacement compared to the myosin II motors examined (SK, SM, NM). This agrees well with the correlation that Barany observed between the ATPase rate and the unloaded shortening velocity. These results suggest that other steps in the cycle, including attachment to actin and or phosphate release may also be tuned to allow fast myosin isoforms to cycle rapidly. Indeed, mutational studies suggest that reducing actin affinity and/or phosphate release can prevent or reduce in vitro motility (Kojima et al. 2001; Onishi et al. 2006; Furch et al. 2000; Joel et al. 2001) . In contrast, a recent study found that mutating a conserved loop in the actin binding region of Dictyostelium myosin severely reduced actin-activated ATPase activity, but did not alter in vitro motility rates or the ADP release rate constant (Varkuti et al. 2012 ). The mutated myosin was found to cause reduced force generation of body-wall muscle in a transgenic C. elegans model system. These results suggest it is possible to design a myosin with relatively fast motility but low ATPase activity. However, the consequence is a very low duty ratio and hence minimal ability to generate force even in the context of a large ensemble of myosins such as in muscle. In summary, myosins perform a diversity of biological functions, while studies continue to reveal mechanisms conserved in all forms of actomyosin-based motility. 
